Transcription is delayed in the leader regions of the Escherichia coli trp and his operons by multipartite pause signals that consist of four components: a nascent RNA structure (the pause hairpin), the 10 or 11 nt 3 H -proximal region between the pause hairpin and the RNA 3 H end, the bases in the active site, and $14 bp of duplex DNA downstream from the pause site. Results described in the accompanying paper suggest that the his pause hairpin slows nucleotide addition via interaction with an easily disordered surface on RNA polymerase.
Introduction
Pause, arrest and termination signals are the fundamental elements of a large class of poorly understood genetic regulatory mechanisms that target intermediates in transcript elongation (Landick & Turnbough, 1992; Wright, 1993; Kane, 1994; Landick et al., 1996a) . Understanding such mechanisms requires ®rst knowing how these basic control signals affect the activity of RNA polymerase. The similar pause sites in the Escherichia coli trp and his{ operon leader regions are among the best understood elongation control signals. RNA polymerase stops at these sites immediately after synthesis of RNA segments that later form the imperfectly paired 1:2 (trp) or A:B (his) secondary structures in the leader transcripts (Landick & Turnbough, 1992; Landick et al., 1996a) . In vivo, the paused RNA polymerase is released by a translating ribosome, thereby coup-ling subsequent transcription of the attenuator to translation of the leader peptide coding region (Landick et al., 1985) .
Although no detailed kinetic mechanism has been proposed for pausing at the his and trp leader sites, it long has been thought to involve an altered conformation of the transcription complex induced in part by formation of RNA secondary structure (Landick & Yanofsky, 1984 Levin & Chamberlin, 1987; Yager & von Hippel, 1987) . More recent studies have established that these signals are multipartite and depend on the combined effects of a nascent RNA hairpin, the 3 H -proximal RNA or DNA sequence, bases in the active site, and downstream DNA duplex (Lee et al., 1990; Chan & Landick, 1993 , 1994 . Sequences in all four elements delay escape from the paused state, whereas the downstream DNA duplex and 3
Hproximal regions appear to have the most signi®-cant roles in formation of the paused complex (Wang et al., 1995) . Their effects on paused complex formation appear to depend in some way on changes in the transcription complex that begin up to 8 bp upstream from the pause site and that lead to altered RNA and DNA footprints in complexes halted by NTP deprivation, apparently from backwards sliding of RNA polymerase along the RNA and DNA chains (Wang et al., 1995; Reeder & Hawley, 1996; Komissarova & Kashlev, 1997) .
Results in the accompanying paper (Chan & Landick, 1997) implicate an ionic interaction of the pause hairpin with an easily disordered region of RNA polymerase in inhibition of nucleotide addition in the paused complex, and suggest that extending the hairpin stem further into the 3 Hproximal region may weaken this interaction and facilitate release of the nascent RNA. The switch from a stable paused complex to a termination pathway by additional base-pairing ®ts with the long-standing idea that hairpin-dependent pausing and r-independent termination are related mechanisms (Farnham & Platt, 1980; Yager & von Hippel, 1987; Richardson, 1996; Roberts, 1996; Uptain et al., 1997) . r-Independent terminators also are multipartite (Telesnitsky & Chamberlin, 1989; and are associated with discontinuous changes in the footprints of halted complexes (Nudler et al., 1995) . They differ from the his pause signal principally because the 3 H -proximal region is shorter (invariably 7 to 9 nt; d 'Aubenton Carafa et al., 1990; Wilson & von Hippel, 1995a,b) and encodes tandem U residues. The downstream DNA becomes important at terminators only when the U-run contains multiple non-U bases. Finally, termination at some r-independent terminators , as well as in some complexes halted downstream from other nascent RNA hairpins (Arndt & Chamberlin, 1990) , is stimulated at elevated [Cl À ], as if it disrupted a stabilizing hairpin interaction similar to our model for the his and trp leader sites.
These results suggest that hairpin-dependent pausing and r-independent termination are related mechanistically. However, several questions remain. First, what distinguishes a pause signal from a r-independent terminator? Second, how do the pause signal components slow escape and do they act at the same step or at different steps? Finally, are the sequences that direct formation of the paused complex the same as or different from the sequences that govern escape from the pause? To address these questions, we tested the effects of combining base substitutions in a pause hairpin with substitutions in other pause signal components and the effects of changes in the structure and spacing of pause hairpins on pausing, on Cl À -inhibition of pausing, and on release of the nascent RNA. Based on our results, we propose a model for the steps that govern hairpin-dependent pausing and r-independent termination.
Results

Experimental approach
To determine contributions to escape from the pause, we measured the effect on pause half-life of base substitutions in the pause hairpin and substitutions in a second component of the pause signal alone and in combination. Synchronous transcription was achieved by withholding UTP (required to extend transcripts from either G16 or A29 to the pause site) until the beginning of the measurements (see Materials and Methods; Chan & Landick, 1993; Wang et al.; 1995) . We did not attempt to quantify effects on formation of the paused complex (pause ef®ciency) because they are dif®cult to measure accurately (Landick et al., 1996b) . Instead, we examined the selection of the wild-type pause site (GMP addition to U102) from among the nearby template positions at which the 3 H UMP GTP reaction also occurs. To conserve space, only those regions of the gel autoradiograms necessary for this comparison are shown.
The effect of the pause hairpin on pause halflife is multiplicative with the effects of the other components of the pause signal Certain base substitutions in each of the four components can decrease the pause half-life by factors of from 3 to 10 (Chan & Landick, 1989 Lee et al., 1990) ; some of these substitutions also can disrupt the pathway of discontinuous RNA or DNA movements leading to formation of the paused complex (Wang et al., 1995) . We wished to test whether the effects of these sequences on the rate of escape of the paused complex re¯ect independent interactions in the transcription complex or if they somehow depend on each other. Further, we wished to ask if the effects are manifest in a single paused intermediate. To address these questions, we combined the multisubstituted hairpin mutant with substitutions that weakened the effect Figure 1 . Five possible mechanisms by which two components could slow escape from the pause, and predicted effects of mutating the components singly or together. RP, RNA polymerase; Hp, pause hairpin; Ds, downstream DNA. {, The wild-type pause half-life is arbitrarily set at 100 (to allow comparison to Figure 3 ). Effects on overall pause lifetime were calculated for a reduction by a factor of 6 for a pause hairpin mutation and by a factor of 3.5 for a downstream DNA mutation, approximately the experimentally measured values for the easiest components to illustrate. However, these effects of single mutations are physically impossible for mechanisms (b) and (c). The effects must be equal for (b); 5 was used. For (c), a maximum effect of 2 is possible for a single mutation (see below). (a) Each interaction independently slows escape from a single paused intermediate; a gray box depicts disruption of the hairpin contact. (b) Interactions cooperatively slow escape; gray box, loss of either interaction causes loss of both. (c) The two pause signal components slow elongation at distinct, successive intermediates. The two steps are assumed to occur at equal rates and each accelerated by a factor of 20 by the substitutions. This yields the combination effect, but not the single-substitution effects, actually observed. If the wild-type rates are not equal, the effect of one mutation can be >2, but it then becomes the rate-limiting step and the effect of the second mutation will be correspondingly <2. (d) Pause signal components act on discrete, interconvertible intermediates and are mutually exclusive. Equal rates of formation and interconversion for each intermediate are assumed. (e) Pause signal components act on discrete, non-interconvertible intermediates. Here mutants will yield biphasic kinetics of pause escape (e.g. half the population will still decay at the wild-type rate). Dwell times for mechanisms (c) and (d) were calculated using the kinetic simulation program KINSIM (see Materials and Methods). Mechanism (a) best ®ts our ®ndings (see Figures 2  and 3 ).
of one of the other three components of the pause signal. In principal, many results of combining two substitutions are possible, depending on the actual mechanism of pausing ( Figure 1 ). Combining two substitutions will multiplicatively decrease the pause half-life if the two components act simultaneously and independently at a single step in the pause pathway (e.g. both stabilize the paused conformation; Figure 1(a) ). Alternatively, disrupting the effects of pause signal components whose effects depend on each other could produce no effect greater than either alone (Figure 1(b) ). If more than one paused intermediate exists, combining substitutions can yield greater than multiplicative effects (Figure 1(c) ) or an apparently additive or less effect of combining substitutions (Figure 1(d) and (e)), depending on how the intermediates are related to one another. Although not illustrated, it is possible that combining substitutions that individually reduce pausing could be antagonistic and actually increase pausing. In the three cases we tested, the effect of the multisubstituted hairpin ($sixfold increase in the rate of pause escape) combined multiplicatively with the other substitutions ($four-to $sixfold increases in the rate of pause escape). The results best best match the predictions of simultaneous, independent effects in a single paused intermediate (Figure 1(a) ). Since some combinations also led to degenerate pausing at multiple positions, we will describe them in order of increasing complexity.
Pause hairpin and 3
H -proximal region
To test the relationship between the pause hairpin and the 3 H -proximal region, we combined the multisubstituted hairpin with the G100 3 A substitution. Alone, the multisubstituted hairpin decreased the pause half-life by a factor of $6 and the G100 3 A substitution, by a factor of $5. When the two substitutions were combined, the half-life of the paused complex decreased by a factor of $30 relative to wild-type (Figures 2(d) (Figure 1(a) ), but play minimal roles in the steps leading to formation of the paused complex.
Pause hairpin and bases in active site
To test the relationship of the pause hairpin to the bases in the active site, we combined the multisubstituted hairpin with the 3 H -terminal U102 3 C substitution. U102 3 C reduces pause half-life, but also creates a new pause site three bases earlier at U99, suggesting that it affects the pathway of paused complex formation as well as escape (see Figure 6 (a) of Chan & Landick, 1993) . The new pause at U99 most likely results from the change in the downstream DNA sequence for that site (Chan & Landick, 1993) , suggesting a role for the downstream DNA in pause signal recognition (see below). The combined substitutions reduced pausing selectively at the U102 site (the wild-type his pause site), making it slightly weaker than the pause at U99 (Figure 2(f) ). Thus, the pause hairpin contributes to pause half-life at U102, but not at U99, where its spacing from the RNA 3 H end is reduced by 3 nt (and where RNase sensitivity suggests it is not formed yet; Wang et al., 1995) .
The 3 H -terminal substitution alone reduces pause half-life by a factor of $6 (Figure 3 ; see also Chan & Landick, 1993) . If it also prolonged pausing independently of the pause hairpin and at the same step, a combination of substitutions should reduce pause half-life by a factor of $36. Measurement of these half-lives was complicated by their short dwell times and by asynchrony of transcription induced by the U99 pause. We estimated them from the relatively constant ratios of U99 and U102 RNA at selected time-points and by comparison to kinetic models (Chan & Landick, 1997) . The pause half-life on the combination template ($35 to 45 times less than wild-type) is roughly the product of the individual effects ( Figure 3 ). Thus the pause hairpin and the base at the 3 H terminus also appear to act independently to slow nucleotide addition in a single paused intermediate (Figure 1(a) ).
Pause hairpin and downstream DNA duplex
Previous results have established that duplex DNA within 14 bp downstream from the pause site affects the rate of escape from the paused complex, but that neither (A T)-rich nor (G C)-rich sequences (and hence the stability of the duplex) strengthen the pause (Chan & Landick, 1989; Lee et al., 1990; Wang et al., 1995) . To test the effect of combining substitutions in the downstream DNA and the pause RNA hairpin, we used the downstream mutant described by Chan & Landick (1997) (U 102 5 GCGAGAGTAGGGAAC in place of the his wild-type downstream DNA U 102 5 GGAA-GACATTCAGAT; Figure 2 (g)). Alone, this substitution decreased the pause half-life by a factor of $4.
When the downstream substitution was combined with the multisubstituted hairpin, strong pausing at U102 was replaced by weaker, heterogeneous pausing at U97, U99, U102 (wild-type pause) and C104 (Figure 2(h) ). Simultaneous, independent interactions (Figure 1(a) ) would predict reduction of pause half-life by a factor of 24 in the combination mutant. Although estimation of the pause half-life on the combination mutant template relied on indirect estimation (see Materials and Methods and Chan & Landick, 1997) , this prediction closely matches the estimated value ( Figure 3 ). We conclude that the effects of these two com-ponents on pause half-life also are approximately multiplicative.
However, steps leading to formation of the paused complex also were altered on templates containing the downstream substitutions. Alone, it made pausing at U97 and U99 more prominent (Figure 2 (g)). The effect was much more dramatic on the combination template, however, where the U102 pause became similar to the enhanced delay in chain extension observed at the other nearby positions where a terminal pyrimidine and GTP were present in the active site (U97, U99 and C104; Figure 2 (h)). Nucleotide addition at positions U97, U99, U102 (pause) and C104 on the double mutant template was not dramatically different than at U76, a distant site where uridine and GTP in the active site slow transcription (shown in Figure 2 (g)).
These results suggest effects of both the pause hairpin and downstream DNA sequences at more than one step in the pausing pathway (see Discussion and Figure 6 ). Each component appears to slow nucleotide addition in the paused complex, apparently through independent interactions. However, they also act cooperatively to dictate the selection of U102 as a strong pause site from among several possible nearby positions whose dwell times can be mostly attributed to the effects of bases in the active site.
Reaction of GTP with the 3 H uridine base may not be rate-limiting for pause escape
Since the pause components appear to slow pause escape in a single intermediate, we wondered if it preceded the chemical reaction of GTP with the 3 H -terminal uridine base. It has been argued that neither replication nor transcription is rate-limited by the chemical reaction because athiophosphate substrates slow chain extension by factors of much less than $100, which is taken to be the theoretical effect on an enzyme-catalyzed, phosphotransfer chemical reaction step (Benkovic & Schray, 1971; Connolly et al., 1982; Erie et al., 1992; Johnson, 1993) . The same is true for misincorporation of NTPs by E. coli RNA polymerase (Erie et al., 1993 ). Therefore, we tested the effect on pause half-life of substituting [a-thiophosphate]GTP for GTP and observed a six-to sevenfold increase (Table 1) , similar to effects seen on other nucleotide-addition reactions thought to be ratelimited by isomerization. The six-to sevenfold effect observed may re¯ect weaker binding of [athiophosphate] GTP to the paused intermediate, but further study will be required to unambiguously rule out contributions for the reaction of the 3 H -terminal uridine base with GTP (see Discussion).
Unlike the his perfect hairpin, the trp perfect hairpin increased the pause half-life
Previously we characterized the his pause hairpin as a 5 bp stem, 8 nt loop structure by the effects of base substitutions on pausing in this region (Chan & Landick, 1993) . However, the ability of a longer hairpin stem to mimic the effect of destabilizing the pause hairpin suggests that the precise geometry with which the hairpin forms may be essential to its pause-enhancing effect and to its interaction with RNA polymerase (Chan & Landick, 1997) . To test this idea, we examined substitutions in the presumed pause hairpin at the analogous trp pause site. Here, the pause hairpin appears to be separated from the transcript 3 H end by 10 nt, as inferred from the location of an AU-rich bulge in the trp 1:2 secondary structure that precludes pairing at positions À7 to À10 (Figure 4(a) ).
To test whether base-pairing in the À7 to À10 region also could abrogate pausing at the trp leader pause site, we constructed a trp perfect hairpin template by incorporating base substitutions that allowed pairing in the mismatched regions of the trp 1:2 secondary structure (Figure 4(a) ). When we compared pausing at the trp wild-type pause site to pausing at the trp perfect hairpin we found that the trp perfect hairpin increased the pause half-life slightly relative to that observed at the wild-type trp pause site (Figure 4(b) ). This contrasts to the effect of the his perfect hairpin, which decreased pause half-life by a factor of $3.
Since results described in the accompanying paper suggest that elevated concentrations of Cl À ion compete for an interaction of his pause hairpin with RNA polymerase (Chan & Landick, 1997) , we next tested for a Cl À effect on the two trp templates. KCl at 1 M reduced the trp pause halflife by a factor of $3 (Figure 4(b) ), which is similar to the Cl À effect at the wild-type his pause site. However, elevated concentrations of Cl À also Pausing and transcript elongation were measured using a wildtype his pause template that produced initially halted complexes at A29 (pCL102b, see Materials and Methods).
a GTP or [a-thiophosphate]GTP were present at 10 mM during measurements; other NTPs were at 150 mM.
b Arrival time is the time required for RNA polymerase to move from A29 to the pause, and was measured as described (Chan & Landick, 1997) .
c Nd, not determined. Movement from A29 to the pause when GTP was present was too fast to measure accurately. We estimated an average arrival time of $®ve seconds.
reduced the half-life of pausing at the trp perfect hairpin pause site by a factor of $2 (Figure 4(b) ), a result in marked contrast to the slight increase in half-life it causes at the his perfect hairpin pause site (Chan & Landick, 1997 ; see also Figure 5(b), template A) . Further, unlike the his perfect hairpin, the trp perfect hairpin did not trigger termination in 1 M KCl (compare Figure 4 (c) to Figure 5(c), template A) . These results suggest that the trp perfect hairpin differed dramatically from the his perfect hairpin, improving the ability of the pause hairpin to inhibit elongation and to resist competition with Cl
A single G ÁC base-pair can account for reduced pausing by the his perfect hairpin
To understand why the his and trp perfect hairpins affected pausing so differently, we considered the sequence of the mismatched regions in the his A:B and trp 1:2 leader secondary structures (Figure 4 (a) and Figure 5(a) ). The his mismatched region was corrected with stable G ÁC and C Á G base-pairs, whereas potential A ÁU and U Á A basepairs were created to extend the pause hairpin on the trp perfect hairpin template. This suggests the possibility that the stronger GÁC or CÁ G base-pairs at the junction between the his perfect hairpin and the 3 H -proximal region might be necessary for its effects on pausing.
To test this idea, we constructed and tested several new his perfect hairpin templates ( Figure 5 ; see Materials and Methods). The original his perfect hairpin contains a second change (insertion of A between C67 and C68) that potentially allows the normally bulged U97 to form an A Á U base-pair and leave a single-stranded 3
H -proximal region of only 5 nt or less at the pause site (Chan & Landick, 1997) . To test whether this potential AÁU base-pair was involved in the effects of the perfect hairpin, we constructed a template that could form the G72ÁC92 base-pair, but lacked the A insertion ( Figure 5 ; template A). In all conditions examined, template A produced the same effects as the original perfect hairpin template that encoded the potential A68 ÁU97 base-pair. This result suggests that base-pairing in the stem of the pause hairpin does not extend further than C68 Á G96 at the his perfect hairpin pause site and perhaps requires only the G72 Á C92 base-pair.
The effect of pairing in the critical junction region between the pause hairpin and the 3 H -proximal region was further delineated by two templates that could form the G72ÁC92 base-pair, but not the C71ÁG93 base-pair ( Figure 5 ; templates B and C). The pause half-life on both of these templates was indistinguishable from that of the his perfect hairpin ( Figure 5 ; template A). However, neither template B nor template C gave rise to signi®cant termination at the pause site when the concentration of Cl À was raised to 1 M. Further, Cl À modestly reduced the pause half-life on both templates. Thus, part of the perfect hairpin phenotype (reduced pausing) appears to be attributable simply to the G72 ÁC92 base-pair, whereas weak termination in 1 M KCl requires at least the addition of the C71 Á G93 base-pair. Interestingly, the latter base-pair reduces the 3 H -proximal region to 9 nt, the upper limit on spacing (7 to 9 nt) at r-independent terminators (d H Aubenton Carafa et al., 1990; Wilson & von Hippel, 1995a,b) and in complexes destabilized by nascent RNA hairpins in the study reported by Arndt & Chamberlin (1990) .
Finally, we examined two other templates that could form a different base-pair at the G72ÁC92 position ( Figure 5 ; templates D and E). The pause half-life was increased above that observed for the wild-type on both templates. When the wild-type G72ÁC92 was replaced with a G72ÁU92 base-pair ( Figure 5 ; template D), the increase in pause halflife was modest. When both the G72 Á C92 and C71ÁG93 base-pairs were replaced with A72ÁU92 and U71ÁG93 ( Figure 5 ; template E), the pause half-life increased signi®cantly. At 1 M KCl, however, the pause half-life on both templates decreased by a factor of $4 ( Figure 5(b) ), con®rming that they behaved similarly to the wild-type pause hairpin. This result con®rms our speculation that G ÁC or CÁ G base-pairs are probably required to extend the pause hairpin. The weaker A ÁU or U Á G base-pairs probably do not provide enough energy to disrupt interaction of RNA polymerase with the nucleotide at position À11. Thus, failure to replicate the perfect hairpin phenotype with the trp perfect hairpin substitutions we examined (Figure 4(a) ) can be reasonably explained by the inability of the new A ÁU and U Á A base-pairs to form.
Discussion
Our results lead to three principal conclusions. First, the pause RNA hairpin slows escape from the pause simultaneously with and independently of the effects of the other pause signal components. This suggests that the rate of escape from the pause is governed by a single kinetic intermediate, which may undergo a rate-limiting isomerization prior to GTP addition. Second, combined effects of sequences in the pause hairpin and downstream DNA regions select the wild-type pause site (U102) from among several adjacent possibilities. Third, extension of the pause hairpin structure toward the RNA 3 H end by one GÁ C base-pair reduces pausing, whereas further extension with a C ÁG or GÁ C base-pair, but not potential A Á U or UÁA base-pair, allows inef®cient termination at 1 M KCl ( Figure 5 ). These results lead us to suggest a mechanism for RNA hairpin-dependent pausing and a relationship to r-independent termination. We will ®rst describe the model and our reasons for favoring it, brie¯y reiterate the argument for a single paused intermediate, and then discuss how the mechanism of hairpindependent pausing relates to the mechanism of r-independent termination.
A model for RNA hairpin-associated pausing We propose that pausing by RNA polymerase at hairpin-dependent pause sites occurs in three distinct steps ( Figure 6 ): (1) changes in RNA and DNA contacts that are re¯ected by altered RNA and DNA footprints in complexes halted preceding the pause site; (2) isomerization to a paused complex by simultaneous formation of the pause RNA hairpin, displacement of the RNA 3 H end from reactive alignment in the catalytic center, and stabilization of the downstream DNA contact; and (3) slow escape from the paused state.
Pause efficiency
In this model, formation of the paused complex (pause ef®ciency) is governed by the ®rst two steps. Polymerase fails to pause if it adds the next nucleotide before the isomerization step occurs, but ef®cient formation of the paused complex is set up by altered RNA and DNA contacts established at earlier positions. These changes may simply slow the rate of bypass, thereby allowing more time to form the paused complex.
Inhibition of chain extension in the paused transcription complex
In the paused complex, we postulate that reaction with GTP is slow because proper positioning of the 3 H OH group is inhibited by the combined effects of the pause hairpin interaction, the 3 H -proximal RNA and DNA chains, the natural dif®culty of aligning UMP and GTP in the active site, and the downstream DNA contacts. Loss of the 3 H OH group from the active site was an early explanation for pausing (Landick & Yanofsky, 1987) , is documented for an arrested conformation of RNA polymerase (Markovtsov et al., 1996) , and is a wellknown feature of DNA polymerases engaged in 3 H exonucleolytic activity in the absence of substrate dNTPs (Beese et al., 1993) . We can envision three possible misalignments of the 3 H OH group, none of which is ruled out by currently available data ( Figure 6 ). First, the pause RNA may fail to undergo the natural translocation that clears the substrate binding site after the previous round of nucleotide addition, giving rise to a pre-translocated con®guration. Second, the combined effects of pause hairpin formation and downstream DNA contacts may pull the pause RNA and the active site in opposite directions, resulting in a hyper-translocated state. Finally, the pause RNA:DNA hybrid may fray, perhaps because it can become more stable by gaining base-pairs further upstream. The hyper-translocated model readily explains how the pause hairpin could act as a trigger to let ribosomes release the pause. The pre-translocated model, on the other hand, seems inconsistent with the fact that the paused complex is resistant to both GreB-stimulated transcript cleavage and pyrophosphorolysis , since the 3 Hterminal phosphodiester bond appears positioned for these reactions in the pre-translocated con®gur-ation. Thus, we tend to favor the hypertranslocated model. Further tests are underway.
Regardless of which 3 H end location is correct, escape may be rate-limited by cooperative binding of Figure 6 . Model for pausing and the effects of the his perfect hairpin substitutions. The four his pause components are color-coded: magenta, pause hairpin; green, 3 H -proximal RNA or DNA; red, bases in the active site; blue, downstream DNA duplex. The paused complex forms by a rearrangement of RNA and DNA contacts that inhibits nucleotide addition (pause) or fails to form when GMP addition occurs prior to the rearrangement (bypass). Three possible models for non-reactive positioning of the pause RNA 3 H end are depicted: pretranslocated, hypertranslocated, or frayed (see the text). Depiction of the hairpin interaction as principally ionic re¯ects its lack of sequencespeci®city and the ability of salts to compete for the interaction; however, other types of protein-RNA interaction may contribute (see Chan & Landick, 1997) . Polymerase escapes from the pause by a possibly rate-limiting isomerization to an activated conformation upon binding substrate GTP and relocation of the RNA 3 H end in the active site (escape). Addition of 1 bp to the pause hairpin (À10 bp; purple bar) inhibits interaction of the pause hairpin with polymerase and reduces the pause half-life. Addition of a second base-pair (À9 bp; orange bar) decreases the amount of 3 H -proximal RNA contacting polymerase or pairing to the DNA template and causes low ef®ciency dissociation of the paused complex (termination, gray arrow). Termination becomes ef®cient if the 3 H -proximal region is 7 to 9 nt and is U-rich (green bar).
Nascent RNA Hairpin Spacing and Pausing the 3 H OH group and GTP in the active site. Activesite geometry appears highly conserved in nucleic acid polymerases. Proper alignment of the 3 H OH group and a-phosphate group is achieved by a network of coordinating bonds between oxygen atoms and two magnesium ions that are positioned by Asp or Glu residues in the catalytic pocket of the polymerase (Steitz et al., 1994; Dieci et al., 1995; Zaychikov et al., 1996 ; see also Erie et al., 1992 for review of RNA polymerases's nucleotide addition reaction). The absence of either the 3 H OH group or the substrate nucleotide would disrupt this bonding network, resulting in the weakening of contacts that position the other in the active site. A less than tenfold inhibition by a-thio substitutions of transcription, polymerization by DNA polymerases, and nucleotide misincorporation by RNA polymerase (Connolly et al., 1982; Echols & Goodman, 1991; Erie et al., 1992 Erie et al., , 1993 Johnson, 1993) has been taken as evidence that isomerization to an activated conformation and not bond formation is rate-limiting for these reactions. We observed an $sixfold a-thio effect on escape from the pause (Table 1) , which is consistent with a ratelimiting isomerization if the a-thio group has moderate effects on NTP binding. However, some thio effects on the rates of uncatalyzed chemical reactions are tenfold or less (Herschlag et al., 1991) , so additional information will be required to validate this idea.
No escape by reverse isomerization
In principle, the paused polymerase might escape either by reversal of the isomerization by which it forms, or via a distinct rearrangement. We favor the second mechanism of escape, as depicted in Figure 6 , because escape by reverse isomerization makes several unlikely predictions. First, such a model demands that the transcription complex alternate many times between the two states when pausing is ef®cient (e.g. >50 times on average if pausing is 99% ef®cient). Each time it re-enters the starting conformation, its probability of escape must be 1%, to allow 99% to pause upon ®rst entering the state. Each isomerization would involve melting the pause hairpin, which is unlikely to occur rapidly, especially after it interacts with polymerase. Second, polymerase escapes the paused conformation in vivo when a ribosome approaches it during translation of the RNA (Landick et al., 1985) . Although the ribosome may melt the hairpin, it seems unlikely that the RNA could feed backwards into polymerase, since this would necessitate re-binding the very RNA segment along which the ribosome is advancing. Finally, this model can account for [GTP]-dependence of pausing only by changing the rate of pause bypass. However, this predicts that pause ef®ciency would fall dramatically as the concentration of GTP is raised. Since pausing appears to be ef®cient, though shortened, at 1 mM GTP, and to be independent of GTP concentration variation from 5 to 50 mM (C. L. C., unpublished results), GTP-dependent isomerization to a distinct conformation best ®ts our results.
The paused complex is a single kinetic intermediate in which interactions of the four pause signal components simultaneously slow escape
To determine the nature of the paused intermediate(s), we examined the effect on pause halflife (rate of escape from the pause) of combining substitutions in different pause signal components. The ®nding that these are generally multiplicative allows us to rule out several classes of models (Figure 1(b) to (e)) and favors a view that they act simultaneously and independently to slow elongation in a single paused intermediate (Figure 1(a) ). In such a model, multiplicative effects on rate are the predicted consequence of adding independent interactions (see Herschlag & Johnson (1993) for explanation as applied to the rate of transcription initiation). We can rule out the possibility that effects of most pause signal components depend extensively on one another, because such dependence predicts that combining substitutions will have little more effect than either alone (Figure 1(b) ). We can rule out most classes of models that involve effects of pause signal components on two or more discrete paused intermediates (Figure 1(c) to (e)) because these also make predictions for combining substitutions that are at odds with our ®nding of simple multiplicative effects on pause half-life. Concerted, but independent inhibition of 3 H OH binding in the active site appears to explain all our ®ndings.
Formation of the paused transcription complex
Synergy between sequences in the pause hairpin and downstream DNA regions appears to control formation of the paused complex. Substitutions in either region alone modestly affected pause site selection, but substitutions in both regions dramatically altered recognition of the pause signal (Figure 2 ). These sequences also affect the unusual RNA and DNA footprints in complexes halted preceding the pause site (Wang et al., 1995) , which suggests that the same changes in RNA and DNA contacts may underlie both formation of the paused complex and generation of altered footprints in halted complexes. These RNA and DNA contacts must have evolved to rearrange precisely at the pause site, so as to choreograph strong pausing at U102, rather than weak pausing at several adjacent positions. Fixation of a single pause site may be important either to determine the location of the ribosome-polymerase encounter during attenuation or to somehow set up subsequent events leading to recognition of the terminator upon pause escape (see .
The involvement of multiple sequence elements in both formation and escape of the paused complex has two other important implications. First, distinct sequences may act at the two steps, requiring further study to dissect their contributions. Since the pause hairpin structure does not form until polymerase reaches the pause site, the effects of sequences in this region on formation of the paused complex and on altered footprints of complexes preceding the pause may re¯ect interactions of non-hairpin nascent RNA in the RNA:DNA hybrid or with polymerase. Likewise, effects of downstream DNA on formation and escape could be mediated by different sequences.
Second, this idea may explain why downstream or hairpin substitutions alone eliminate the characteristic extended footprint of the paused complex (Wang et al., 1995) , but compromise its formation most signi®cantly only when combined. If reverse isomerization is too slow to occur on the time-scale of transcription, increasing its rate by altering a single pause signal component may not affect the formation pathway dramatically, but might still alter paused complex footprints because equilibration occurs upon halting or because nuclease digestion``pushes back'' weakened polymerasenucleic acid contacts. Unraveling this complexity will require study of DNA and RNA contacts in complexes preceding and at the pause site with less disruptive probes and on a more rapid timescale (i.e. time-resolved DNA footprinting or crosslinking).
Spacing between the pause hairpin and the RNA 3
H end determines whether a hairpin interacts with RNA polymerase and stabilizes a paused complex or triggers transcript release
The his and trp pause RNA hairpins differ from r-independent terminator hairpins because they stabilize an unreactive transcription complex rather than promote transcript release, and because the RNA hairpins begin 10 to 11 nt from the 3 H end (Chan & Landick, 1993) , rather than 7 to 9 nt as observed for sites where the RNA is easily released (Arndt & Chamberlin, 1990; d'Aubenton Carafa et al., 1990; Wilson & von Hippel, 1995a) . Our results argue strongly that extending the stem of a pause hairpin to within this window with new G Á C base-pairs switches its behavior from a pause RNA hairpin to a``release'' hairpin.
We base this argument on comparison of three different his perfect hairpin templates where an additional GÁC base pair can form at position C92 ( Figure 5 ; templates A to C). When G72ÁC92 was followed by the wild-type C71ÁG93 (template A, Figure 5 ), we observed decreased pausing and low-level termination at high salt. Formation of C71 Á G93 would leave only nine unpaired nucleotides in the 3 H -proximal region. However, when C71ÁG93 could not form (templates B and C, Figure 5 ), we observed reduced pausing and a lesser Cl À effect, but no termination at high salt. Apparently pairing at C92 alters the con®guration of the pause hairpin in a manner that inhibits, but does not eliminate, interaction with RNA polymerase and does not signi®cantly destabilize the transcription complex (Figure 6 ). Extension of the hairpin to within the 7 to 9 nt window by formation of the C71 Á G93 base-pair allows the hairpin to trigger transcript release in 1 M KCl. Three arguments suggest that the effects of these substitutions re¯ect changes in pause hairpin structure, and not alternative RNA structures or contacts of RNA polymerase to DNA or single-stranded RNA: (1) the effects of all six perfect hairpin templates tested correlate with the potential for pairing between 5 H and 3
H -proximal bases; (2) the substitutions all are located 528 nt from the RNA 3
H end, at least 10 bp outside the DNA footprint in the paused complexes (Landick & Yanofsky, 1987; Lee et al., 1994; Wang et al., 1995) ; and (3) template A, but not template D, produced the perfect hairpin phenotype even though both are identical to within 12 nt of the pause RNA 3 H end and would form the same alternative RNA structures as polymerase approached the pause site.
Thus we postulate a relationship between hairpin-dependent pausing and r-independent termination that is a more detailed version of ideas originally suggested by Farnham & Platt (1980) . At both classes of sites, an isomerization from a rapidly elongating to paused conformation accompanies hairpin formation, ®xes the available 3 Hpromixal RNA to 11 nt or less (Figure 6 ), stabilizes polymerase's downstream DNA contact and lateral position on the DNA, and removes the RNA 3 H end from reactive positioning in the active site. Once the paused intermediate forms, the length and number of U residues in the 3 H -proximal region dictate whether it can escape back to chain elongation or is unstable and dissociates. This model thus provides two branch-points for competition between readthrough and termination pathways (bypass versus pause and escape versus termination). Thus, it ful®lls the prediction that different steps can determine the ef®ciency of termination at different terminators, which was made by to explain different effects of NTP concentrations and salts at different terminators. Indeed, many different polymerase-RNA and polymerase-DNA interactions may alter either pausing or termination in this model, including polymerase-hairpin interaction, RNA:DNA hybrid stability, polymerase-downstream DNA interaction, and the poorly understood changes in complexes approaching the sites that lead to altered footprints when they are halted by NTP deprivation. Sorting out these varied effects and testing the mechanism by which active-site geometry is altered remain challenges for future work.
Materials and Methods
Proteins, reagents and DNA templates Sources of proteins and reagents were as described in the accompanying paper (Chan & Landick, 1997) . Transcription templates were short (300 to 500 bp) linear DNAs prepared by PCR from appropriate plasmids (see below) and contained portions of either the Salmonella typhimurium his or E. coli trp operon leader regions downstream from the phage T7 A1 promoter, and yielded either G16, A20 (trp perfect hairpin), or A29 (downstream DNA mutants) complexes when transcription was initiated without UTP. his pause templates (Figures 2 and 5) were ampli®ed as described by Chan & Landick (1997) . trp pause templates (Figure 4 ; 389 bp) were ampli®ed with primer 1 and a custom oligonucleotide that hybridized upstream of T1 in the rrnB T1 T2 region (5 Hd[AGTTCCCTCATCTCGCATG]-3 H ).
Plasmid construction
Plasmids that combined the``multisubstituted hairpin'' base substitutions (C74 3 A, C75 3 U and G77 3 A), with base substitutions in either the 3 H -proximal region (G100 3 A) or the 3 H -terminal nucleotide (U102 3 C) of the his leader pause RNA were constructed by ligating the SpeI to HindIII DNA fragment from derivatives of pCL208 that contained the G100 3 A or U102 3 C substitutions (Chan & Landick, 1993) into SpeI-, HindIII-cut pCL306 (multisubstituted hairpin in pCL185; see Chan & Landick, 1997) . We used templates from plasmid pCL102b and pDW309 to test the downstream DNA mutant (wild-type control and mutant, respectively; Chan & Landick, 1997) . pDW308 (multisubstituted hairpin, pDW308) was prepared from pCL306 and pCL185 identically to the construction of pCL102b (Chan & Landick, 1997) . pDW310 (hairpin plus downstream combination mutant) was then prepared from pDW308 by replacement of the SpeI to HindIII fragment with the corresponding fragment from pDW309.
The trp``perfect'' hairpin plasmid (pCL305; Figure 4 ) was constructed by ®rst ligating between the PstI and EcoRI sites in pRL415 (Lee et al., 1990 ) a synthetic oligonucleotide with base substitutions in region 1 of the 1:2 hairpin that allowed the mismatched region to pair (see Figure 4(a) ). The PstI-BamHI fragment was then excised from this plasmid (pRL543) and ligated between the PstI and BglII sites of pRL458 (Lee et al., 1990) to yield pCL305. Templates generated from pRL458 and pCL305 allow formation of initial A20 complexes in the absence of UTP.
Plasmids encoding variations of the his perfect hairpin ( Figure 5 ; templates A to E) were constructed by ligating complementary oligonucleotides degenerate in two positions (C71 and A72) between the MluI and SpeI sites of pCL185 . Three different variations of the his perfect hairpin ( Figure 5 ; templates C to E) that altered the G ÁC base-pair content were generated by replacing the SpeI-HindIII fragment from these plasmids with a SpeI-HindIII fragment from plasmids isolated previously (Chan & Landick, 1993 ) that contained the appropriate base substitution on the B side of the hairpin ( Figure 5 : G92 3 C, template C; or C91 3 U, templates D and E).
The DNA sequences of the relevant regions of all plasmids used in this study were veri®ed by DNA sequencing.
In vitro transcription reactions
Transcription reactions to examine pausing were conducted in transcription buffer, as described in Chan & Landick (1997) . Samples (5 ml) from the reactions were removed at times indicated in the Figure legends , processed, and electrophoresed through 7 M urea, 10% (w/v) polyacrylamide gels as described (Chan & Landick, 1997) .
Analysis of pausing and measurement of pause half-lives
To prepare the panels of pause RNA bands shown in Figures 2, 4 , and 5, the RNA gels were digitized using a Molecular Dynamics Phosphorimager and the Imagequant software supplied by the manufacturer. After optimizing the scale to the signal in each experiment, portions of the images were printed on a laser printer at 600 dpi and assembled into the composites shown.
Pause half-lives were determined from the relative concentrations of RNA species, as measured with Imagequant from time-courses more extensive than those shown in the Figures. For most experiments, reaction time-points after most transcription complexes had arrived at the pause site were subjected to non-linear regression of pause RNA concentration versus time, as described (see Figure 3 in Chan & Landick, 1997) . For the 3 H -end and downstream DNA mutant templates (Figure 2 (e) to (h)), we used an alternative method, also described by Chan & Landick (1997) , to estimate pause half-lives by deconvoluting dwell times from successive slow steps. To facilitate comparison of different experiments, pause RNA half-lives were calculated relative to a wild-type value determined at the same time. In several cases, relative values from multiple experiments were averaged.
